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Transmitter Modulation of Slow, Activity-Dependent
Alterations in Sodium Channel Availability Endows
Neurons with a Novel Form of Cellular Plasticity
tion on Na currents in neurons (Cantrell and Catterall,
2001).
In most cell types, GPCR activation acts primarily by
reducing the availability of Na channels (Cantrell and
Catterall, 2001); that is, GPCR activation of PKA or PKC
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results in a reduction in Na channel currents and peakNorthwestern University
whole-cell conductance, even in response to maximalChicago, Illinois 60611
depolarization after fast inactivation has been removed.2 Department of Anatomy and Neurobiology
For example, activation of muscarinic acetylcholine re-University of Tennessee Health Science Center
ceptors in hippocampal pyramidal neurons (Cantrell etMemphis, Tennessee 38163
al., 1996) or 5-HT2a/c receptors in cortical pyramidal neu-3 Department of Pharmacology
rons (Carr et al., 2002) reduces peak Na currentsUniversity of Washington School of Medicine
through activation of PKC. In striatal medium spiny neu-Seattle, Washington 98195
rons and cholinergic interneurons, activation of D2 dopa-
mine receptors also leads to a potent reduction in Na
currents through a PKC-dependent mechanism (N. Mau-Summary
rice et al., 2001, Soc. Neurosci., abstract). Similarly, acti-
vation of D1-class dopamine receptors and PKA in hip-Voltage-gated Na channels are major targets of G
pocampal pyramidal neurons and striatal medium spinyprotein-coupled receptor (GPCR)-initiated signaling
neurons reduces peak Na currents without significantlycascades. These cascades act principally through
altering fast channel gating (Cantrell et al., 1997; Sur-protein kinase-mediated phosphorylation of the chan-
meier et al., 1992). In all of these cases, there is a pro-nel  subunit. Phosphorylation reduces Na channel
found reduction in channel availability that cannot beavailability in most instances without producing major
attributed to alterations in fast gating mechanisms.alterations of fast channel gating. The nature of this
How is Na channel “availability” reduced and arechange in availability is poorly understood. The results
changes in availability dependent solely upon channeldescribed here show that both GPCR- and protein
phosphorylation? Several recent studies suggest thatkinase-dependent reductions in Na channel availabil-
neuronal activity and membrane depolarization may beity are mediated by a slow, voltage-dependent process
a critical factor in determining how phosphorylationwith striking similarity to slow inactivation, an intrinsic
changes Na channel availability. In hippocampal pyra-gating mechanism of Na channels. This process is
midal neurons, for example, Cantrell et al. (1999) foundstrictly associated with neuronal activity and develops
that the effects of D1 receptor and PKA activation wereover seconds, endowing neurons with a novel form of
enhanced by holding neurons at membrane potentialscellular plasticity shaping synaptic integration, den-
close to spike threshold, rather than at more hyperpolar-dritic electrogenesis, and repetitive discharge.
ized potentials. More recently it was found that D2 recep-
tor-mediated effects on spike generation in cholinergicIntroduction
interneurons were only evident at depolarized mem-
brane potentials (S. Herna´ndez-Lo´pez et al., 2001, Soc.Voltage-gated Na channels are major determinants of
Neurosci., abstract). In both of these studies, the mem-neuronal excitability. Not only do they govern the initia-
brane potential had to be held at depolarized potentials
tion and propagation of axo-somatic action potentials
for seconds—rather than milliseconds—for the impact
but they also are key regulators of synaptic integration
of phosphorylation and the change in channel availabil-
and dendritic electrogenesis (Gonzalez-Burgos and Bar- ity to be seen. Why?
rionuevo, 2001; Lipowsky et al., 1996; Schwindt and Na channels respond to prolonged membrane depo-
Crill, 1995; Stuart, 1999; Stuart et al., 1999). Given their larization by entering a slow inactivated state that is
prominence in neuronal physiology, it isn’t surprising biophysically and structurally distinct from fast inactiva-
that Na channels are major targets of G protein-cou- tion (Mitrovic et al., 2000; Ong et al., 2000; Rudy, 1978;
pled receptor (GPCR) signaling cascades that lead to Todt et al., 1999). In this state, Na channels are unavail-
the activation of serine/threonine protein kinases (Can- able, that is, they do not open in response to membrane
trell and Catterall, 2001). A broad array of neuromodula- depolarization. Entry and exit from this state (or states)
tors—monoamines, peptides, glutamate, acetylcho- takes seconds and has been implicated in short-term
line—have been shown to alter Na channel function plasticity of dendritic electrogenesis, repetitive dis-
in neurons all along the neuroaxis. Structure/function charge, and spike patterning (Colbert et al., 1997; John-
studies have mapped the Na channel  subunit phos- ston et al., 1999; Mickus et al., 1999a). In brain neurons,
phorylation sites for two of the major serine/threonine slow inactivation only occurs at membrane potentials
kinases—protein kinase A (PKA) and protein kinase C more depolarized than about 80 mV, just as for the
(PKC)—and phosphorylation of these sites explains reduction of channel availability following phosphoryla-
most of the described consequences of GPCR activa- tion (Fleidervish et al., 1996; Jung et al., 1997). Is there
a connection? Our results show that both GPCR and
PKA/PKC effects on Na channel gating have kinetics*Correspondence: j-surmeier@northwestern.edu
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(commonly observed) alteration is a reduction in channel
availability, even after fast inactivation has been re-
moved by short conditioning steps (Figures 1A and 1B).
As mentioned above, several reports have suggested
that the effects of GPCRs on Na channel gating may
be reduced at more negative membrane potentials. To
see if this was true in pyramidal neurons, the effects
of 5-HT2 receptor activation were examined at holding
potentials of 70 and 100 mV. When holding at 70
mV, treatment with the 5-HT2a/c agonist ()-2,5-dimeth-
oxy-4-iodoamphetamine hydrochloride (DOI  10 M)
reduced both the peak Na current and the persistent
Na current (Figure 2A). A similar effect was observed
when test steps were preceded by a brief hyperpolariz-
ing conditioning step to remove fast inactivation (Figure
2B). As shown in Figure 2C, holding at100 mV dramati-
cally reduced the effects of 5-HT2 receptor activation
on both rapidly inactivating and persistent Na current.
5HT2a/c Receptor Stimulation Reduces Na
Channel Availability through a Mechanism
Resembling Slow Inactivation
How might this voltage dependence arise? One possibil-
ity is that channels undergo a conformational change
at negative membrane potentials that alters the conse-
quences of phosphorylation. Slow inactivation is a ubiq-
uitous feature of Na channel gating that is absent at
Figure 1. Stimulation of 5-HT2a/c Receptors Attenuates Rapidly In- relatively hyperpolarized membrane potentials where
activating Na Currents in PFC Pyramidal Neurons
GPRC activation has little effect on channel availability
(A) Plot of peak Na current evoked by the voltage protocol shown
but develops at membrane potentials where availabilityin the inset as a function of time. The duration of the conditioning
is altered.pulse to100 mV to relieve fast inactivation was 150 ms. DOI (10M,
To compare the effects of GPCR-induced changes inshaded symbols) reversibly reduced the amplitude of Na currents.
(B) Representative current traces used to construct the graph in (A). channel availability to those of slow inactivation, we
(C) Steady-state inactivation plot of a representative neuron showing measured the kinetics and voltage dependence of the
the peak amplitude of the Na currents evoked using the voltage two processes. The development of slow inactivation
protocol shown in the inset. The duration of the conditioning pulse
of Na current was studied by stepping the membranewas 200 ms. DOI (filled symbols) reduced the peak Na current and
voltage to 20 mV for a variable period (25 ms to 25 s).shifted the voltage dependence of steady-state inactivation to more
The extent of slow inactivation was determined by com-negative potentials. The lines in (C) represent the least-squares fit
to a single-order Boltzmann function (V1/2 (Ctrl), 64.2 mV; DOI, paring the amplitude of a test step that preceded the
73.8 mV; slope (Ctrl), 5.3; DOI, 6.1). inactivating depolarization (Figure 3A, S1) with one that
followed a 1 s repolarizing step to 90 mV (S2). In pyra-
midal neurons at room temperature, recovery from fast
and voltage dependence strikingly similar to that of slow inactivation at 90 mV is biexponential, with the major
inactivation. These effects are responsible for alter- component (80%) having a time constant less than 10
ations in spike threshold and the ability to sustain repeti- ms and a smaller, slower component with a time con-
tive discharge in cortical pyramidal neurons. The slow stant near 200 ms. This means that after a second at90
development and reversal of this voltage-dependent mV, Na channels have recovered from fast inactiva-
modulation of Na channel availability—on the time tion—making residence in the slow inactivated state the
scale of seconds—leads to an activity-dependent form sole determinant of S2 amplitude.
of short-term cellular plasticity capable of shaping syn- In a sample of nine pyramidal neurons, the develop-
aptic integration, dendritic electrogenesis, and repeti- ment of slow inactivation at 20 mV was well fit with a
tive discharge. single exponential having a time constant of 7.1 s (range,
5.6–8.7 s); 57% of the Na current became unavailable
after 25 s (range, 48%–65%; n  9; Figure 3A). DOIResults
(10 M) significantly accelerated the reduction of Na
channel availability attributable to slow inactivation ( In many neurons, activation of GPCRs leads to a modu-
lation of Na channel gating. For example, 5-HT2 recep- 4 s; range, 3.6–4.9 s; n  9; p  0.001, Kruskal-Wallis;
Figure 3A) and increased the extent of the reductiontor activation reversibly suppresses Na currents in py-
ramidal neurons acutely isolated from mouse prefrontal (68.3%; range, 60.6%–76.1%; n  9; p  0.05, Kruskal-
Wallis; Figure 3A). There was no evidence that the devel-cortex (Figures 1A and 1B; Carr et al., 2002). In these
neurons, the suppression of Na currents evoked by opment of inactivation was biexponential in the pres-
ence of DOI, as might be expected if receptor activationdepolarizing steps is attributable to two alterations in
channel properties. One is a negative shift in the voltage promoted entry of channels into an “unavailable” state
distinct from that of the slow inactivated state.dependence of fast inactivation (Figure 1C). The other
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The voltage dependence of slow inactivation was ex-
amined by varying the voltage of a 5 s conditioning step.
As above, a brief test pulse was applied following a 1 s
period at 90 mV to recover from fast inactivation (Fig-
ure 3C). In the absence of DOI, data were well fit using a
modified Boltzmann equation having a half-inactivation
voltage of 42.4 mV (2 mV, n  12). In the presence
of DOI, the voltage required for half-maximal reduction
in channel availability was significantly shifted to 57.6
mV (2 mV; n  12; p  0.001, paired t test; Figure 3C),
whereas the slope factor was not significantly altered
(Ctrl, 8.1  0.6 mV; DOI, 7.1  0.5 mV; n  12; p 	 0.05,
paired t test; Figure 3C). DOI application also increased
the maximum fraction of the Na current that was made
unavailable by depolarization (Ctrl, 54.6%  4.8%; DOI,
79.2%  3.6%; n  12; p  0.001, paired t test; Fig-
ure 3C).
To further probe the relationship between these two
processes, the recovery rate of unavailable Na chan-
nels was determined. Na channels were inactivated
(20 mV for 5 s) and then allowed to recover at 80
mV. The progress of the recovery was monitored by
brief (5 ms) test pulses to 20 mV. The recovery from
slow inactivation was well fit by a single exponential
(Figure 3E). Next, this process was examined after brief
treatment with DOI. As shown above, treatment signifi-
cantly decreased the fraction of available Na channels
following recovery from fast inactivation (Ctrl, 32.2% 
1.6%; DOI, 57.4% 4%; n 11; p 0.001, paired t test;
Figures 3E and 3F), but it did not produce a significant
change in the time constant of recovery of unavailable
channels (ctrl, 4  0.5 s; DOI, 6.1  1.1 s; n  11; p 	
0.05, paired t test; Figures 3E and 3F).
Taken together, these data show that the GPCR-
induced reduction in Na channel availability is medi-
ated by entry into an unavailable state bearing a strong
resemblance to that of the slow inactivated state. Al-
though there isn’t a way to prevent native channels from
undergoing slow inactivation, entry is hindered by in-
creasing Na concentration in the outer regions of the
channel pore (Townsend and Horn, 1997). If 5-HT2 recep-
tor activation reduced Na channel availability by pro-
moting slow inactivation, then the modulation should be
reduced by elevating extracellular Na concentration. In
fact, the 5-HT2 modulation was sensitive to Na ions: in
low Na solutions (10 mM), DOI reduced the amplitude
of persistent Na current evoked by a step to 20 mV
Figure 2. The Effect of 5-HT2a/c Receptor Stimulation on Na Cur- by 35% (n 6), whereas in high Na solutions (110 mM),rents Is Dependent upon Holding Potential
the modulation was cut roughly in half (median  16%,
(A) In a representative neuron, DOI (10 M) reduced both rapidly
n  6, p  0.05, Kruskal-Wallis) (data not shown).inactivating and persistent Na current evoked by a 20 ms pulse
to 20 mV from a holding potential of 70 mV (average reduction
(peak), 34%  3.1%; (persistent), 38.2%  4.2%; n  11). The Activation of PKC and PKA also Reduce Na
persistent component in the boxed area is magnified to more clearly Channel Availability through a Similar Mechanism
show the reduced amplitude of DOI compared with control traces. The neuromodulatory effects of many GPCRs are
(B) The effect of DOI was not entirely due to a change in fast inactivation
thought to be mediated by PKC, which is known tovoltage dependence, as it was only slightly reduced by a 150 ms
phosphorylate several cytoplasmic sites on the pore-conditioning pulse to 100 mV to relieve fast inactivation (average
forming  subunit of Na channels, leading to a reduc-reduction (peak), 25.3%  4.2%; (persistent), 37.8%  7.3%; n 11).
(C) When cells were held at 100 mV, the effect of DOI on both tion in channel open probability and macroscopic cur-
rapidly inactivating and persistent Na current was significantly re- rent (Cantrell and Catterall, 2001). The effects of 5-HT2a/c
duced (average reduction (peak), 5.3% 0.7%; (persistent), 2.5% receptor activation on Na channel currents in pyramidal
1.4%; n  11; p  0.001, Kruskal-Wallis).
neurons are dependent upon PKC (Carr et al., 2002). To(D) Summary of the reduction of both rapidly inactivating (open)
see if direct activation of PKC-modulated Na channeland persistent (shaded) Na current by DOI when the membrane
availability in the same way as 5-HT2 receptors, pyrami-potential was held at either 70 or 100 mV (n  11).
dal neurons were exposed to the PKC activator 1-oleoyl-
Neuron
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Figure 3. 5-HT2a/c Receptor Stimulation Accelerates the Reduction
of Na Channel Availability, Alters Its Voltage Dependence, and
Increases the Fraction of Na Channels that Become Unavailable
Figure 4. Stimulation of PKC Accelerates the Movement of Na(A) DOI (10 M, filled symbols) accelerated the development of
Channels into an Unavailable State, Alters Its Voltage Dependence,slow inactivation. The curves are the best fit to a single exponential
and Increases the Fraction of Na Channels that Become Un-function (n  9).
available(B) Current traces from a representative PFC neuron elicited by the
voltage protocol shown in the inset in (A). (A) OAG (2 M, filled symbols) accelerated the reduction of Na
(C) DOI produced a negative shift in the voltage-dependent reduc- current availability. The curves are the best fit to a single exponential
tion of Na channel availability and increased the maximal fraction function (n  9).
of Na channels that became unavailable. The curves are the best (B) OAG produced a negative shift in the voltage-dependent reduc-
fit to a modified Boltzmann equation (see text; n  12). tion in Na channel availability and increased the maximal fraction
(D) Current traces from a representative PFC neuron showing Na of Na channels that became unavailable. The curves are the best
currents elicited by the voltage protocol shown in the inset in (C). fit to a Boltzmann equation (n  6).
(E) DOI did not significantly alter the rate of recovery of unavailable (C) Although OAG increased the fraction of unavailable Na chan-
Na current. The curves are the best fit to a single exponential nels, there was no change in the rate of recovery. The curves are
equation (n  11). the best fit to a single exponential equation (n  6).
(F) Current traces from a representative PFC neuron showing Na
currents elicited by the voltage protocol shown in the inset in (E).
2002). As with receptor activation, OAG accelerated the
entry of Na channels into an unavailable state resem-
2-acetyl-sn-glycerol (OAG, 2 M). Previous work has bling the slow inactivated state (ctrl, 7.1 s; range, 5.6–8.7
shown that the effects of OAG at this concentration are s; OAG, 5.2 s; range, 3.5–5.8 s; n  9; p  0.001, Kruskal-
Wallis; Figure 4A) and increased the overall entry intoblocked by the PKC inhibitor calphostin C (Carr et al.,
Modulation of Na Channel Availability
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this state (Ctrl, 57.3%; range, 48.2%–65.2%; OAG,
72.2%; range, 63.3%–81.5%; n  9; p  0.05, Kruskal-
Wallis; Figure 4A). OAG also shifted the voltage depen-
dence of entry into this state toward more negative
membrane potentials (V1/2 (Ctrl), 37.6 mV; range, 36
to 41.4 mV; OAG, 40.9 mV; range, 39.4 to 50.9
mV; n  6; p  0.05, Wilcoxon signed ranks test; Figure
4B) without significantly affecting the slope factor (Ctrl,
7.6 mV; range, 6.1–7.7 mV; OAG, 7.7 mV; range, 6.3–7.7
mV; n  6; p 	 0.05, Wilcoxon signed ranks test; Figure
4B). The rate of recovery from slow inactivation was
unaffected by OAG (ctrl, 4.3 s; range, 3.7–8.2 s; OAG,
5.1 s; range, 4–10.4 s; n  6; p 	 0.05, Wilcoxon signed
ranks test; Figure 4C). These results show that activation
of PKC mimics 5-HT2 receptor activation by promoting
entry into a state like that produced by slow inactivation.
GPCRs that activate PKA are also known to suppress
neuronal Na currents (Surmeier et al., 1992; Cantrell
and Catterall, 2001). PKA phosphorylation sites on the
pore-forming  subunit of Na channels have been
mapped, and phosphorylation of these sites leads to
alterations in channel gating that mimic those found with
GPCR activation (Cantrell and Catterall, 2001). Like PKC,
PKA induces a reduction in Na currents by reducing
channel availability. In both hippocampal and prefrontal
cortex pyramidal neurons, whole-cell Na currents are
reduced by activation of dopamine receptors and PKA
(Cantrell et al., 1999; Maurice et al., 2001). In hippocam-
pal pyramidal neurons, this modulation is voltage de-
pendent (Cantrell et al., 1999), as is the 5-HT2 receptor
modulation here—suggesting a shared mechanism. To
test this hypothesis, PKA was activated in prefrontal
cortex pyramidal neurons with 5,6-dichloro-1-
-D-ribo-
furanosylbenzimidazole-3,5-cyclic monophosphorothio-
ate (cBIMPS, 50 M). As shown previously, cBIMPS
reduced Na currents through a PKA-dependent mech-
anism (Maurice et al., 2001). cBIMPS also accelerated
the entry of Na channels into a slow inactivated-like
state (ctrl, 7.1 s; range, 5.6–8.7 s; cBIMPS, 4.8 s; range,
4.6–5.5 s; n  9; p  0.005, Kruskal-Wallis; Figure 5A)
and increased the extent of entry into this state (Ctrl,
57.3%; range, 48.2%–65.2%; cBIMPS, 67.4%; range,
61.4%–88.6%; n  9; p  0.05, Kruskal-Wallis; Figure
5A). As with PKC, PKA stimulation significantly shifted
the apparent voltage dependence of slow inactivation
(V1/2 (Ctrl), 37.3 mV; range, 31.8 to 40.4 mV; Figure 5. Stimulation of PKA Accelerates the Reduction of Na
cBIMPS, 41.1 mV; range, 38.3 to 48.1 mV; n  5; Channel Availability, Shifts Its Voltage Dependence toward More
p 0.05, Wilcoxon signed ranks test; Figure 5B) without Negative Potentials, and Increases the Fraction of Na Channels
that Become Unavailablesignificantly altering the slope factor (Ctrl, 8.1 mV; range,
(A) cBIMPS (50 M, filled symbols) accelerated the reduction of Na6.8–10.9 mV; cBIMPS, 8.8 mV; range, 7.8 to 9.5 mV;
channel availability. The curves are the best fit to a single exponentialn  5; p 	 0.05, Wilcoxon signed ranks test; Figure 5B).
function (n  9).The rate of recovery was not significantly affected by
(B) cBIMPS produced a negative shift in the voltage-dependentPKA activation (ctrl, 3.6 s; range, 3–8 s; cBIMPS, 4.9 s; reduction of Na channel availability and increased the maximal
range, 4.1–8.5 s; n  5; p 	 0.05, Wilcoxon signed ranks fraction of Na channels that became unavailable. The curves are
test; Figure 5C). the best fit to a Boltzmann equation (n  6).
(C) Although cBIMPS increased the fraction of Na channels in the
slow inactivated state, there was no significant difference in recov-PKC and PKA Reduce Heterologous Nav1.2
ery kinetics when compared to controls. The curves are the best fitChannel Availability through a Similar Mechanism to a single exponential equation (n  5).
Previous studies have identified critical serine residues
on the pore-forming  subunit of Nav1.2 that are neces-
sary for PKA/PKC modulation of Na currents (Cantrell alone is sufficient to reduce the availability of the nor-
mally heteromeric Na channel. To answer this question,and Catterall, 2001). However, these studies have not
determined whether phosphorylation of the  subunit Nav1.2a  subunits were expressed in tsA-201 cells. Na
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currents in these cells exhibited slow inactivation that
was similar to that found in neurons. More importantly,
activation of PKC with OAG (20M) enhanced the reduc-
tion of Na channel availability caused by slow inactiva-
tion (Figure 6A), negatively shifting its voltage depen-
dence (V1/2 (Ctrl), 32.8  2.1 mV; V1/2 (OAG), 56.8 
3.6 mV; n  9; p  0.05, Kruskal-Wallis) and increasing
the extent of reduction (Ctrl, 57%  4%; OAG, 81% 
6%; n  9; p  0.05, Kruskal-Wallis). The modulation
by OAG was blocked by the PKC inhibitor staurosporine
(1 M, n  3), consistent with a direct action of PKC.
Activation of PKA with cBIMPS (50 M) also reduced
Na channel availability in a voltage-dependent manner.
However, its effects were smaller than those produced
by activation of PKC (Figure 6B). The voltage for half-
maximal reduction of Na channel availability was
shifted 3.1 mV (V1/2 (Ctrl), 39.6  1.1 mV; V1/2 (cBIMPS),
42.7  1.3 mV; n  9; p  0.05, Kruskal-Wallis), and
the extent of reduction of the Na current was increased
from 52%  3% to 59%  4% (n  9, p  0.05, Kruskal-
Wallis).
Given the prominent role of protein phosphorylation
in the regulation of Na channel availability, it is possible
that channel phosphorylation is necessary for expres-
sion of slow inactivation. To test this possibility, mutant
Nav1.2a  subunits (PKATOT) having all four serine resi-
dues targeted by PKA mutated to alanines (S573A,
S610A, S623A, and S687A) were expressed in tsA-201
cells. Na channels formed by this subunit are refractory
to PKA modulation (Cantrell et al., 1997). Slow inactiva-
tion of PKATOT Na channels had properties that were
indistinguishable from those of wild-type Nav1.2a chan-
nels—showing that phosphorylation of these sites by
PKA is not necessary for the expression of slow inactiva-
tion (data not shown).
PKATOT channels also have mutations at two PKC
phosphorylation sites (S554A and S573A), leaving just
two other known targets for this protein kinase (S576
and S1506) (Cantrell et al., 1997; Cantrell and Catterall,
2001). Previous work has shown that the PKC modula-
tion of PKATOT channels is attenuated in a conventional
voltage clamp paradigm. As one might predict, the abil-
ity of PKC activation to promote entry into a slow inacti-
vated state was significantly reduced in cells expressing
the PKATOT channels (Figure 6C). Previous studies have Figure 6. PKA or PKC Modulate Heterologous Nav1.2a  Subunits
also shown that mutation of S1506 or S554 to alanine in the Same Way as Native Na Channels
reduces PKC modulation of Na channels. As with the Nav1.2a  subunits were transiently expressed in tsA-201 cells.
(A) OAG (20 M, filled symbols) produced a negative shift in thePKATOT channel, the S1506A and the S554A mutation
voltage-dependent reduction of Na channel availability and in-significantly reduced the ability of PKC activation to
creased the maximal fraction of Nav1.2a channels that becameenhance the entry into the unavailable state (Figure 6C).
unavailable. The curves are the best fit to a Boltzmann equationThese results show that enhanced entry of Na channels
(n  10).
into the slow inactivated-like state by PKA/PKC de- (B) cBIMPS (50 M, filled symbols) caused a negative shift in the
pends upon the same phosphorylation sites identified voltage-dependent reduction of Na channel availability and in-
creased the maximal fraction of Nav1.2a channels that becamein previous functional studies.
unavailable. The curves are the best fit to a Boltzmann equation
(n  8).The Voltage Dependence of the Na Channel
(C) The ability of OAG to promote entry into an unavailable state is
Modulation Does Not Arise at the reduced in Nav1.2a channels in which PKC phosphorylation sites
Phosphorylation Step have been mutated to alanine.
Does the voltage dependence of the Na channel modu-
lation stem directly from channel gating mechanisms,
or does it reflect a voltage dependence of the phosphor- upon transmembrane voltage. By changing channel
conformation at hyperpolarized membrane potentials,ylation step itself (Cantrell et al., 1999)? Because chan-
nels are charged proteins, their conformation depends known phosphorylation sites could become less acces-
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sible, diminishing the efficacy of GPCR and protein ki-
nase signaling. To determine if this mechanism was con-
tributing to the observed effects, the ability of PKC to
regulate Na channels was examined by activation of
5-HT2 receptors at hyperpolarized membrane potentials
where there was no discernible change in channel avail-
ability. If channels were efficiently phosphorylated at this
membrane potential, they should remain susceptible to
depolarization after protein kinase activity had been ter-
minated, as long as dephosphorylation by protein phos-
phatases was blocked. To accomplish this, inhibitors of
protein phosphatases 1, 2A, and 2B were used to arrest
phosphatase activity (okadaic acid; PP2B inhibitory
peptide). These inhibitors had no effect on the slow
inactivation of Na channels on their own (Figure 7C; n
7; p 	 0.05, Kruskal-Wallis). With protein phosphatases
inhibited, neurons were subjected to a modified slow
inactivation protocol (Figure 7A). First, neurons were
exposed to the 5-HT2 receptor agonist DOI (10M) while
holding at 90 mV. The DOI application was terminated
and the cell was washed for 10 s to terminate protein
kinase activation; in control recordings, the recovery of
the DOI modulation typically had a time constant of less
than 10 s (n  7), suggesting that protein kinase activity
levels had returned to near baseline by this time (see
Figure 1A). Next, after washing, neurons were subjected
to the same slow inactivation protocol shown in previous
figures. In this paradigm, DOI clearly reduced channel
availability as much as in earlier experiments (Figure
7B), arguing that protein phosphorylation proceeded
normally at 90 mV. In the absence of the phosphatase
inhibitors, the brief DOI exposure produced no modula-
tion of Na currents (data not shown). Results from five
neurons are summarized in Figure 7C. Although these
findings do not exclude the possibility that stronger
membrane hyperpolarization could impede channel
phosphorylation, they show that the voltage depen-
dence seen here is not attributable to such a mech-
anism.
A Simple Markov Model Reproduces Slow Figure 7. Na Channel Phosphorylation Is Not Voltage Dependent
Inactivation and the Modulation (A) Neurons were held at 90 mV in the presence of the protein
in Na Channel Availability phosphatase inhibitors okadaic acid (1 M in bath) and calcineurin
autoinhibitory peptide (10 M in internal). DOI (10 M) was appliedTo gain a better grasp of the potential mechanisms un-
for 1 min followed by a 10 s wash. Na current slow inactivationderlying the modulation of Na channel availability and
was elicited by stepping the membrane voltage to 20 mV for 3.2 s.its functional implications, a model of channel gating
The reduction of Na channel availability was determined by com-was constructed. The backbone of the model was based
paring the amplitude of a test step that preceded the inactivating
upon a scheme proposed by Taddese and Bean (2002) depolarization (S1) with one that followed a 1 s repolarizing step to
for fast gating of Na channels (Figure 8A). To bring 90 mV to remove fast inactivation (S2).
(B) Current sweeps from a representative neuron elicited using theslow inactivation into the model, additional states were
protocol in (A). Prior application of DOI (smaller trace) significantlyadded. In keeping with structural studies and previous
enhanced the reduction of Na channel availability (S2) while havingmodeling efforts (Vedantham and Cannon, 1998, 2000;
little effect on the current elicited by the first test pulse (S1).Mickus et al., 1999a; Vilin et al., 1999), transitions to the
(C) DOI (shaded bars) significantly increased the reduction in Na
slow inactivated state were allowed from either open or channel availability elicited by a 3.2 s test pulse. This was the case
fast inactivated states. To distinguish between a channel whether DOI was applied during the test pulse in control solution
(Control without PPI, n  9) or prior to the test pulse in the presencethat was both fast and slow inactivated from one that
of protein phosphatase inhibitors (PPI, n  7).was just slow inactivated, separate states (S1 and S2)
were created. Transitions between these states and
transitions into them from other closed or inactivated
states as well as serially linked slow inactivated states currents in pyramidal neurons, the model was con-
strained to fit data describing the development of slowwere omitted for simplicity and computational tracta-
bility. inactivation and its subsequent recovery using long volt-
age steps (Figure 8B). This could be achieved by ad-After adjusting parameters to mimic fast gating of Na
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Figure 8. A Simple Markov Model Predicts
that GPCR/PKC-Induced Changes in Slow In-
activation Are Attributable to Specific Transi-
tions
(A) State diagram of Na channel gating
based upon previous work (Taddese and
Bean, 2002; blue shading) modified by the
addition of two slow inactivated states (yel-
low shading).
(B) The development (open circles) of slow
inactivation during a voltage step to 20 mV
and the recovery (closed circles) from slow
inactivation at 80 mV in pyramidal neurons
was described by the model; the solid red
line shows the occupancy in S1 and S2. Inset
is a plot showing the occupancy in each state.
Note that the total inactivation is governed
by occupancy in the S2 state.
(C) The GPCR-enhanced development (open
circles) of slow inactivation produced by a
voltage step and subsequent recovery
(closed circles) in pyramidal neurons was
simulated. The solid orange line is a plot of
total slow inactivation in the model; the solid
red line shows the unmodulated response to
the same voltage step.
(D) The development (open circles) of slow
inactivation during a 20 Hz pulse train (5 ms
steps to 20 mV, 45 ms interpulse period
at 90 mV) and the subsequent recovery
(closed circles) at 90 mV in pyramidal neu-
rons was also described by the model; the
solid red line is the total slow inactivation
(S1S2) in the model. Inset is a plot showing
the occupancy in each state. Note that the
total inactivation is governed by occupancy
in the S1 state.
(E) In contrast to the voltage step, the model
predicted that this change in rate constants
would not increase slow inactivation pro-
duced by the pulse train shown in (D). Simu-
lated slow inactivation in control (red line) and
modulated (orange line) conditions is shown
in the inset. Experiments in pyramidal neu-
rons with this protocol confirmed this predic-
tion where DOI (1 M) failed to increase the
slow inactivation produced by a 10 s, 20 Hz
pulse train, as measured with brief test pulses
delivered at 0.5 Hz following the train; pre-
exposure data are shown as open circles,
post-DOI exposure as filled orange circles.
(F) Delivering the pulses from 70 mV in-
creased the impact of the modulation on the
development of slow inactivation in both the
model (inset) and in pyramidal neurons. DOI
(orange circles) increased the slow inactiva-
tion produced by a modified pulse train where
the holding potential and interpulse potential
was 70 mV. Vertical bars associated with
symbols are standard error of the mean.
justing the voltage-independent rate constants govern- adjusting the model to account for the shift in fast inacti-
vation voltage dependence, an attempt was made toing occupancy in S1 and S2. With voltage steps, entry
into the slow inactivated state occurred primarily from simulate consequences of GPCR activation on slow in-
activation. Surprisingly, the development and recoverythe fast inactivated (I6) state (see Figure 8B, inset).
How might channel phosphorylation change channel from slow inactivation in pyramidal neurons following
5-HT2 receptor stimulation could be reproduced bygating? As shown above, phosphorylation accelerates
the development of slow inactivation generated by volt- roughly doubling a single rate constant, 2S, which gov-
erns entry into the slow inactivated state from the fastage steps, but it does not alter the rate at which channels
recover—suggesting that entry into (but not exit from) inactivated state (Figure 8C).
But does channel phosphorylation affect just this onethe slow inactivated state was being altered. After
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transition? Na channels also are known to enter the Modulation of Na Channel Availability Diminishes
slow inactivated state from the open state (or proximal the Ability of Cortical Pyramidal Neurons
closed states) (Mickus et al., 1999a). However, this tran- to Sustain Spiking
sition requires a protocol that maximizes residence in Our modeling and experimental results suggest that
the open state. Previous studies have accomplished 5-HT2 receptor stimulation or kinase activation should
this aim with repetitive voltage pulses, rather than long dramatically increase the extent of Na channel slow
voltage steps. To approximate earlier studies, pulse inactivation during periods of sustained spiking, as
trains consisting of brief (5 ms) voltage steps to 20 found during working memory tasks in prefrontal cortex
mV repeated at 50 ms intervals were used (Figure 8C). pyramidal neurons (Fuster, 1991; Goldman-Rakic, 1999).
As previously reported (Colbert et al., 1997; Fleidervish Slow inactivation of Na channels is known to elevate
et al., 1996; Mickus et al., 1999b), this was a very effec- spike threshold and eventually prevent spike generation
tive means of generating slow inactivation estimated in during episodes of maintained spiking (Fleidervish et al.,
the way described above for long steps. Estimates of 1996). To test this hypothesis, whole-cell patch clamp
slow inactivation development and recovery (Figure 8D, recordings were obtained from deep layer pyramidal
open and closed circles) were fit by the model with only neurons in slices of mouse prefrontal cortex. Spike activ-
a small increment in S1 that had virtually no impact on ity was induced by repeated, long current steps (3 s)
the response to voltage steps. Examination of occu- separated by brief hyperpolarizations. In the absence
pancy in the two slow inactivated states confirmed that of neuromodulator, pyramidal neurons discharged re-
the pulse protocol was effective in promoting inactiva- petitively without failure for long periods (Figure 9A).
tion from the open state (Figure 8D, inset). In agreement Spike threshold increased only modestly with succes-
with the view that the slow inactivated state generated sive cycles of stimulation (Figure 9B). However, activa-
by steps and pulses was equivalent, the recovery time tion of 5-HT2 receptors (DOI, 1 M) dramatically acceler-
constant was independent of how it was experimentally ated the elevation of spike threshold with cycle number
produced. and caused an early failure in spike generation (Figures
If channel phosphorylation only increases one rate 9A and 9B). Removal of fast Na channel inactivation
constant (S2), slow inactivation produced by a pulse by brief hyperpolarization following conditioning did not
train like that shown above should be largely unaffected reinstate the ability to discharge repetitively or eliminate
because it arises primarily from the open (not the fast the elevation of spike threshold (Figure 9C). However,
inactivated) state (see Figure 8E, inset, for model predic- holding the membrane near90 mV for 5 s (long enough
tions). To experimentally test this prediction, the pulse to remove slow inactivation) reinstated the ability of the
protocol shown above (Figure 8C) was delivered to pyra- cell to fire repetitively (data not shown). Together, these
midal neurons in the presence and absence of the 5-HT2 data argue that GPCR-mediated modulation of entry of
receptor agonist DOI. As predicted by the model, DOI Na channels into a slow inactivated state can signifi-
did not increase the amount of slow inactivation (median cantly constrain the ability of pyramidal neurons to sus-
SI before DOI, 21%; after, 21%; n  5; Figure 8E). tain the types of repetitive spiking thought to be impor-
Does this mean that channel phosphorylation has no tant in processes like working memory.
effect in naturally occurring situations? The pulse proto-
col used in these experiments differs from naturally oc-
Discussion
curring spike trains in at least one important respect.
Namely, in neurons the average membrane potential
Neuromodulation of Na Channel Availabilitybetween spikes is more depolarized than that used in
Creates a Novel Form of Functional Plasticitythis protocol. In principle, with more depolarized in-
GPCR-induced reductions in Na channel currents areterpulse potentials, occupancy in fast inactivated states
a major means of modulating activity in neuronal andshould increase, leading to more slow inactivation fol-
excitable nonneuronal cells (Cantrell and Catterall, 2001).lowing phosphorylation. The shift in the voltage depen-
In neurons, Na channels are not only necessary partici-dence of fast inactivation with GPCR activation should
pants in somatic/axonal spike generation but also areaccentuate this process. The model confirmed this intu-
involved in synaptic integration and dendritic electro-ition, showing that shifting the interpulse potential dur-
genesis (Stuart et al., 1999). With few exceptions, GPCR-ing the train only 20 mV (from90 mV to70 mV) should
induced alterations in channel gating are mediated byhave a dramatic effect on the ability of phosphorylation
activation of PKA or PKC and phosphorylation of theto promote slow inactivation (Figure 8F, inset). To test
pore-forming  subunit (Cantrell and Catterall, 2001).this prediction, pyramidal neurons were re-examined
The principal change in Na channel function inducedwith this modified pulse protocol. In this situation, 5-HT2
by protein phosphorylation is a reduction in “availability”receptor activation significantly increased the amount of
manifested as smaller Na currents, even when fastslow inactivation (median SI before DOI, 31%; after,
inactivation has been removed.52%; n  7; p  0.05, Kruskal-Wallis; Figure 8F), nearly
The work presented here shows that the change inmatching the model’s behavior.
channel availability induced by GPCR and PKA/PKCThese results provide evidence that channel phos-
activation is mediated by a slow, voltage-dependentphorylation increases the extent of slow inactivation by
process resembling slow inactivation. Slow inactivationaccelerating the transition from the fast inactivated state
is a prominent feature of Na channels expressed inbut not from the open state. Moreover, they show that
neurons and other excitable cells and is distinguishedthe shift in the voltage dependence of fast inactivation
from fast inactivation in several respects, the most nota-works in concert with this gating alteration by promoting
ble of which is roughly 100- to 1000-fold slower kineticsresidence in the fast inactivated state at physiological
membrane potentials. (Ellerkmann et al., 2001; Fleidervish et al., 1996). In neu-
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Figure 9. Stimulation of 5-HT2a/c Receptors Accelerates Elevation of Spike Threshold and Spike Failure in PFC Pyramidal Neurons Following
Prolonged Depolarization
(A) In a representative pyramidal cell, DOI (1 M) accelerates the failure of the neuron to fire spikes during prolonged (3 s) repetitive (0.3 Hz)
current injections. Under control conditions, this cell did not experience spike failure until sweep 30 (data not shown).
(B) The neuron in (A) showed an elevation in spike threshold following repeated stimulation. Bath application of DOI accelerated spike threshold
elevation, eventually leading to a complete failure of the cell to fire. Curves represent the best fit to a single exponential function.
(C) The facilitation of spike failure and elevation in spike threshold by DOI was not due to its effect on fast inactivation of Na channels. When
a 100 ms hyperpolarizing current injection was introduced between depolarizing pulses to relieve fast inactivation, DOI still produced an
elevation in spike threshold and higher probability of spike failure. The first spike of the second depolarization is shown at higher magnification
to better illustrate the spike threshold elevation produced by DOI.
rons, slow inactivation only occurs at relatively depolar- sible for reducing spike rate during repetitive stimulation
and, eventually, for spike failure (Fleidervish et al., 1996).ized membrane potentials (see Figure 2), and spiking is
a particularly effective means of generating slow inacti- Like slow inactivation, activation of GPCRs effectively
changes Na channel availability most profoundly dur-vation (Fleidervish et al., 1996; Jung et al., 1997). In
cortical pyramidal neurons, slow inactivation is respon- ing periods of prolonged activity, with the magnitude of
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the modulation increasing with magnitude of the activity. agonists. Similarly, activation of PKA with cBIMPS re-
duced Na channel availability through an analogousFor example, in our experiments, 5-HT2 receptor stimula-
tion dramatically accelerated the elevation in spike process, in agreement with previous results showing
the voltage dependence of the D1 receptor mediatedthreshold and eventual spike failure in pyramidal neu-
rons seen with sustained stimulation, suggesting that suppression of Na currents in hippocampal pyramidal
neurons (Cantrell et al., 1999). Taken together, theseserotonergic modulation of Na channel availability may
be a critical regulator of working memory (Fuster, 1991; findings argue that the slow, voltage-dependent modu-
lation in Na channel gating described here is a generalGoldman-Rakic, 1999).
The slow, activity-dependent GPCR modulation of mechanism by which GPCRs can modulate cellular ex-
citability, integration, and spiking in neurons throughoutNa channel availability may play its most important
functional role in dendrites. Na channels are prominent the brain.
There may be exceptions, however. In hippocampalin both proximal and distal dendrites of most neuronal
classes (Johnston et al., 1996). Slow inactivation of these pyramidal neurons, phorbol esters appear to slow the
development of slow inactivation in dendritic Na chan-channels is known to be a key determinant of activity-
dependent attenuation of back-propagating spikes (Col- nels (Colbert and Johnston, 1998). Studies are currently
underway to determine if these phorbol ester effectsbert et al., 1997; Jung et al., 1997; Mickus et al., 1999a),
suggesting that the basal phosphorylation of dendritic depend upon PKC activation, and if so, whether there
are differences in the consequences of phosphorylationNa channels may be higher than in proximal regions.
In these dendritic regions, Na channel density is lower for somatic and dendritic Na channels. Even if dendritic
Na channels in pyramidal neurons respond to PKCthan in soma/initial segment, making regenerative events
more sensitive to reductions in Na channel availability activation as other Na channels do, GPCR activation
of PKA/PKC may initially enhance back propagation ofwithin the range produced by neuromodulator action.
5-HT2 receptor stimulation does attenuate spike back dendritic spikes by suppressing dendritic K currents
(Johnston et al., 1999; Yuan et al., 2002). The differencespropagation in the proximal regions of the apical den-
drite of cortical pyramidal neurons (Carr et al., 2002), in the kinetics and activity dependence of these two
opposing modulations may enhance the sensitivity ofbut this modulation should be more dramatic in distal
regions. Here, GPCR modulation could effectively shut dendrites to the onset of increased somatic spiking and
diminish the impact of sustained spiking.off the Na channel-dependent coincidence detection
between back-propagating spikes and EPSPs for sec-
onds following sustained dendritic activation (Stuart and Mechanism of GPCR-Induced Reduction
Hausser, 2001). The ability of synchronous synaptic of Na Channel Availability
bombardment to evoke orthodromic spikes also should What molecular mechanisms mediate the slow, voltage-
be curtailed (Golding and Spruston, 1998; Larkum and dependent reduction of channel availability brought
Zhu, 2002; Lipowsky et al., 1996), as should associative, about by GPCR activation and channel phosphoryla-
Hebbian plasticity that depends on dendritic excitability tion? The most parsimonious explanation is that GPCRs
(Magee and Johnston, 1997). Activity-dependent modu- work through PKC and PKA to enhance the intrinsic
lation of Na channel availability may also serve as a slow inactivation gating process of the Na channel.
localized, short-term homeostatic plasticity paralleling Our results show that the voltage dependence and kinet-
other slow, activity-dependent forms of plasticity (Per- ics of slow inactivation are not distinguishable from the
ozo et al., 1989; Turrigiano et al., 1996, 1998; Wang et processes mediating the GPCR-induced reduction in
al., 2002). channel availability. Like slow inactivation, the reduction
in channel availability produced by GPCRs was sensitive
to external Na concentration (Townsend and Horn,Slow, Voltage-Dependent Modulation of Na
Channel Availability Is Widespread 1997). We have also shown that the voltage dependence
of the modulation does not arise at the phosphorylationIs the slow, voltage-dependent reduction of Na channel
availability a general mechanism by which GPCRs regu- step itself. Rather, our modeling studies argue that the
voltage dependence arises from the same processeslate neuronal excitability? Although not shown here, a
phenomenologically similar slow, voltage-dependent that govern activation and fast inactivation. The transi-
tions to the slow inactivated state from either the openreduction in Na of channel availability by D1 and D2
dopamine receptors has been observed in a variety of or fast inactivated states were not voltage dependent
in themselves, as shown experimentally (Ellerkmann etother cell types including cortical pyramidal neurons,
striatal medium spiny neurons, striatal cholinergic inter- al., 2001; Toib et al., 1998). In our model, the impact of
GPCR/PKC activation on slow changes in Na channelneurons, and globus pallidus neurons (unpublished ob-
servations). The similarity in the effects of 5-HT2, D2, and availability were entirely accounted for by assuming that
channel phosphorylation selectively increased the rateD1 receptors is certainly an indication of the generality
of the mechanism. More compelling evidence, however, of entry into the slow inactivated state from the fast
inactivated state. The concomitant hyperpolarizing shiftis that all of these effects were mimicked by activation
of PKA or PKC—the effectors of nearly all known GPCR in the voltage dependence of fast inactivation in pyrami-
dal neurons magnifies the impact of this slow gatingsignaling cascades targeting Na channels. Direct appli-
cation of the PKC activator OAG profoundly reduced change by increasing occupancy in the fast inactivated
state during normal activity patterns. This coordinatedNa channel availability in pyramidal neurons, produc-
ing changes in entry kinetics and voltage dependence alteration in gating may be particularly important for
the GPCR/PKC enhancement of slow inactivation duringthat were qualitatively similar to those of 5-HT2 receptor
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voltage control are described in detail in Carr et al. (2002). Data wasrepetitive spiking, since selectively eliminating the
discarded from any cell from which adequate voltage control couldchange in fast inactivation gating in our simulations re-
not be obtained.duced this form of activity-dependent modulation (data
The procedures for tsA-201 cell transfection and recording have
not shown). been published previously (Cantrell et al., 1997, 1999).
For the squid giant axon Na channel and the skeletal For current clamp experiments, slices from the medial PFC (pre-
limbic and infralimbic cortices) (Franklin and Paxinos, 1997) weremuscle Nav1.4 channel, slow inactivation and fast inacti-
obtained from 3- to 4-week-old C57/Bl6 mice. Mice were anesthe-vation appear to function independently (Vilin and Ru-
tized with isofluorane and decapitated. The brain was rapidly re-ben, 2001). However, the phosphorylation sites exam-
moved blocked and sectioned (300 M) in ice-cold artificial cerebralined here that modulate the interaction between fast
spinal fluid (ACSF) containing (in mM) 120 NaCl, 2 KCl, 1.2 MgSO4,and slow inactivation in the linker between domains I 1.2 KH2PO4, 26 NaHCO3, 2.5 CaCl2, and 25 glucose (pH 7.4) with
and II of the Nav1.2 channel are not conserved in these 95% 02/5% CO2, 300 mOsm/l. Slices were incubated at 35C for
1 hr and then held at room temperature 1–4 hr prior to recording.Na channels. Therefore, like the unphosphorylated
During recording, PFC slices were bathed in warm (32C) ACSFNav1.2 channel, there may be little or no linkage between
containing (inM) 25 DL-2-amino-5-phosphonovaleric acid (AP-5), 3fast and slow inactivation in these Na channel types.
bicuculline, and 10 GYKI 52466. PFC pyramidal cells were identifiedThe structural basis for linkage between fast and slow
using an Olympus BX50 microscope equipped with a Hamamatsu
inactivation in brain Na channels is unclear at present. C2400 infrared camera. Electrodes were pulled from borosilicate
Mutations that selectively alter slow inactivation are lo- glass pipettes and had resistances of4 M. The intracellular solu-
tion contained (in mM) 135 K-MeSO4, 5 KCl, 0.5 CaCl2, 5 HEPES, 5cated in and near the extracellular selectivity filter as
EGTA, 2 Mg-ATP, and 0.5 Na-GTP (pH  7.25) with KOH, 270well as in the S5 and S6 segments that form the walls
mOsm/l. Data was acquired with an MultiClamp 700A amplifier (Axonof the inner pore (Balser et al., 1996; Mitrovic et al., 2000;
Instruments) interfaced to computer running PClamp softwareOng et al., 2000; Struyk and Cannon, 2002; Todt et al.,
(Axon).
1999; Vedantham and Cannon, 2000; Vilin et al., 2001; Data were analyzed using IgorPro (Wave Metrics, Lake Oswego,
Vilin and Ruben, 2001). Molecular interactions between OR). Slow inactivation-voltage curves were fit with a modified Boltz-
mann equation (Vilin et al., 2001) of the form: I/Imax  (1  Iresid)/((1 these regions and the intracellular linker between do-
exp((Vm V1/2)/k )) Iresid, where Iresid is the residual (noninactivating)mains III and IV, which forms the fast inactivation gate,
fraction of the current, e0 is a constant, and k is the slope factor.have not been demonstrated to date. Nevertheless,
Time constants for the entry into and recovery from slow inactivationthe location of the PKA/PKC phosphorylation sites in
were derived from a single exponential equation of the form I 
the intracellular linker between domains I and II, near the Is ∞ I0exp(t/), where Is is the plateau amplitude, I0 is the current at
region involved in fast inactivation, may be critical for t 0, and  is the time constant. Statistical analyses were performed
using SPSS (SPSS, Chicago, IL). Data are given as mean  SEMsuch molecular interactions. Rigorously testing the hy-
for samples 	10, median and interquartile range for smaller sam-pothesis that channel phosphorylation modulates slow
ples. For data presented as boxplots, the central line represents theinactivation gating will require a means of selectively
median, the borders of the box shows the intraquartile range, anddisrupting slow inactivation through site-directed muta-
the “whisker lines” represent the overall distribution, excluding any
genesis (e.g., Hilber et al., 2002) in neuronal Na chan- outliers (data points greater than 1.5 times the intraquartile range),
nels and then testing its impact on modulation by protein which are shown as circles.
Modeling work was performed using Neuron (ver. 5.4; Hines andphosphorylation. Until such experiments are feasible,
Carnevale, 2001) running on a PC. The Markov model of channelwe cannot unequivocally exclude an alternative model
gating was constructed in a mod file and inserted into a sphericalin which protein phosphorylation engages a separate
cell body in which voltage clamp experiments were simulated. Thebut parallel voltage-dependent gating process that in-
mod file is available upon request. Using the previously published
duces a null gating mode and makes Na channels un- terminology (Raman and Bean, 2001; Taddese and Bean, 2002),
available for activation. parameters of the model were:   37exp((V  56)/40) ms1, 
 
10exp((V 50)/20) ms1,  40 ms1,  30 ms1, Con 0.001245In summary, the results described here show that both
ms1, Coff  0.1 ms1, Oon  0.70954 ms1, and Ooff  0.00035GPCR and PKA/PKC activation reduce Na channel
ms1. a  [(Coff/Con)/)Ooff/Oon)]1/8 to maintain microscopic revers-availability through a slow, voltage-dependent process
ibility. Slow inactivation gating was mimicked by S1 0.0043 ms1,with striking similarity to slow inactivation. This process
S2 0.00025 ms1, and 
S 0.00024 ms1.The shift in the voltage
is strictly associated with neuronal activity and takes dependence of fast inactivation seen with GPCR activation was
seconds to develop and reverse. This modulation en- mimicked by decreasing Ooff to 0.000035 ms1; parametric study
of the model revealed that this change shifted the voltage depen-dows neurons with a novel form of cellular plasticity
dence of fast inactivation—the half inactivation voltage shifted 7with broad implications for synaptic integration, den-
mV, from 60 mV to 67 mV—without significantly altering thedritic electrogenesis, and repetitive discharge.
steady-state activation gating. The change in slow inactivation gat-
ing produced by GPCR/protein kinase activation was mimicked by
Experimental Procedures increasing S2 to 0.00055 ms1. To determine whether the choice
of pulse width could have altered our conclusions, simulations were
The procedures for acute dissociation and whole-cell recording of run with pulse widths of 1 ms. Although this change led to less slow
mouse PFC neurons have been described previously (Carr et al., inactivation with a 20 Hz train, the effects of altering Ooff and S2
2002). To maximize voltage control when recording transient cur- were qualitatively the same as those shown in Figures 8E and 8F.
rents, the Na gradient across the cell membrane was reduced by
replacing all but 10 mM Na in the external solution and including
5 mM Na in the internal solution. The intracellular solution con- Acknowledgments
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